Evaluation of the cerebral circulation dynamics in patients with stroke soon after onset is extremely important for planning the optimum treatment. Perfusion computed tomography (CT) was evaluated in 118 patients with stroke within 10 hours of onset in whom initial CT showed no ischemic change. The mean transit time (MTT), cerebral blood flow (CBF), and cerebral blood volume (CBV) perfusion CT maps were visually evaluated in three slices covering the body of the lateral ventricle, the basal ganglia, and the pons, and the ratios of the values in regions of interest (ROIs) in the ischemic lesion and the symmetrical location in the opposite hemisphere were calculated (ROI ratio of regional (r) MTT, rCBF, and rCBV). The location of occlusion was confirmed by angiography performed on the same day in 106 cases and the location of infarction by later magnetic resonance (MR) imaging. MTT maps correctly identified 44 of 46 cases of ischemia in the carotid system, 20 of 29 cases of ischemia in the vertebrobasilar system, and 11 of 35 cases of ischemia in perforator regions. Eight cases could not be identified by perfusion CT, angiography, or MR imaging. The ROI ratios at the upper boundary of infarction (n ＝ 18) were: rCBF 0.574 ± 0.220 (mean ± SD) and rCBV 0.972 ± 0.276, and at the lower boundary of non-infarction (n ＝ 24) were: rCBF 0.504 ± 0.247 and rCBV 0.815 ± 0.169; showing a statistical significance of p ＝ 0.348 for CBF and p ＝ 0.026 for CBV (unpaired t-test). The perfusion CT MTT maps correlated well with the angiographical findings for the carotid system, but poorly for the vertebrobasilar system and the perforator regions. A rCBF ratio of 0.5 and rCBV ratio of 0.9 were established for the boundaries of ischemia.
Introduction
Evaluation of the cerebral circulation dynamics in patients with stroke is extremely important for understanding the pathology and planning the optimum treatment, especially in the hyperacute stage. Availability of such information frequently has a considerable influence on the prognosis. Therefore, there is a strong demand for readily available, rapid, and quantitative methods for the evaluation of cerebral blood flow (CBF).
Cerebral circulation has been evaluated by dynamic computed tomography (CT), which assesses the time-density curve and other parameters in local regions of interest (ROIs). 1) Recently, CT software for analyzing the CBF on quantitative images has been developed and the calculation of regional CBF (rCBF), regional cerebral blood volume (rCBV), and regional mean transit time (rMTT) are now possible.
Perfusion CT is now widely available to provide a quality image, with low cost and short inspection time, and can be performed after the screening CT, so has high potential as an evaluation method for patients with acute stroke.
The present study performed perfusion CT in patients with hyperacute stroke, and evaluated the validity of the diagnosis compared with immediate angiography and magnetic resonance (MR) imaging in the chronic stage. underwent perfusion CT and 106 underwent angiography immediately after the CT. MR imaging or CT (6 patients) were performed in the chronic stage to assess the area of infarction.
II. Perfusion CT protocol CT was performed with a multi-two slice type scanner (Hi Speed NX/i pro; GE, Milwaukee, Wis., U.S.A.). An 18G catheter was placed in the antecubital vein for the injection of contrast medium. First, routine CT using 10 slices of 10 mm thickness was examined from the orbitomeatal line to the parietal lobe. Three slice images containing the``body of the lateral ventricle,'' the``basal ganglia and thalamus,'' and the``middle pons'' were selected for perfusion CT. The scanned slice included the basal nucleus and thalamus. Non-ionic iodine contrast medium (33 ml) (Optiray, 320 mgI/ml; Yamanouchi, Tokyo) was injected at 3.5 ml/sec, and the scans were started 5 seconds after beginning the injection. Each 3609 rotation (120 kV, 125 mA) took 1 second, each resolution time took 1 second, the total acquisition time was 60 seconds, the slice thickness was 10 mm, and 30 scans were obtained. The matrix of the acquisition data was 512 × 512, and the time-density curves were plotted for each pixel. The obtained data were analyzed using software based on the central volume principle 18) (Advantage Workstation CT Perfusion Software; GE). The MTT, CBF, and CBV were calculated, and processed into images. The ROIs of the arteries and veins for the creation of time-density curve were selected using the built-in automatic setting system to eliminate observer subjectivity.
III. Comparisons of early findings
The patients were classified into three groups: Perfusion CT indicated ischemia and angiography was performed, perfusion CT indicated no ischemia and angiography was performed, and perfusion CT Only one ROI in which MR images showed infarction is beneath the ischemic borderline. ROIs`a' to`g' correspond to the areas in Fig. 2D .
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Perfusion CT in Hyperacute Stroke was performed but not angiography (no findings indicating perfusion CT or refusal of angiography). The findings of the perfusion CT parameters, angiography, and MR imaging were compared in each case to assess the diagnostic accuracy of each parameter. The presence of ischemia was evaluated by visually comparing the same bilateral locations on the perfusion CT scans.
IV. Correlation between angiographical occlusion and perfusion CT and MR imaging findings The angiographical point of occlusion was compared with the infarct region on MR imaging and the visual evaluation of perfusion CT in 26 of 28 patients treated conservatively for ischemia in the carotid system. The ischemic regions on perfusion CT and MR imaging were divided into the frontal, parietal, temporal, occipital, basal ganglia, and lacunar areas.
V. Calculation of the ischemic boundary
ROIs (circle or oval of 30-50 mm diameter) were created in the area of abnormal (delayed) rMTT and the symmetrical area in the opposite hemisphere in the same 26 patients. The ROIs were not placed across adjacent areas of the lobes or basal ganglia and excluded the arteries as far as possible. The rCBF and rCBV values of each ROI were measured and the ROI ratio calculated by dividing the values of the affected side by the normal side (Figs. 1 and 2, and Table 1 ). The ROI ratios were classified into the infarcted group and non-infarcted group according to the infarcted region on MR imaging and analyzed to obtain the borderline values for the ischemic boundary. Table 2 summarizes the clinical characteristics of the 118 patients and the early findings. Twenty patients underwent acute percutaneous transluminal reconstruction (PTR) for thrombolysis (carotid system in 18 cases and vertebrobasilar system in 2 cases). The other patients were treated conservatively.
Results

I. Comparisons of early findings
A total of 46 patients had ischemia in the carotid system. Ischemia was detected by MTT in 44 cases, CBF in 23 cases, CBV in 11 cases, angiography in 42 cases, and MR imaging in 23 of 27 cases (excluding the patients treated by PTR, as they may escape infarction). Perfusion CT could not demonstrate ischemia in two cases, both involving microembolism originating from the cervical internal carotid artery and causing occlusion of the end of the parietal cortical branch which could not be evaluated by CT slices. Early recanalization was suspected from the appearances on perfusion CT, angiography, and MR imaging in one patient (Fig. 3) .
A total of 29 patients had ischemia in the vertebrobasilar system. Ischemia was detected by MTT in 20 cases, CBF in seven cases, CBV in one case, angiography in 13 of 26 cases, and MR imaging in 25 of 27 cases. Perfusion CT failed to detect infarcts in the localized brain stem or thalamus, and small regions of the inferior surface of cerebellum, but occipital ischemia could be accurately identified (Fig. 4) . A total of 35 patients had ischemia in perforator regions. MTT detected the ischemia in 11 cases, CBF in two cases, CBV in one case, angiography showed one case of middle cerebral artery stenosis among 28 cases, and MR imaging demonstrated the infarct in 34 of 35 cases (Fig. 5 ).
Eight patients with transient ischemic attacks or uncertain symptoms (transient monoparesis case and amnesia case) had no ischemia by perfusion CT, angiography in six cases, or MR imaging, but two patients presented with obvious transient hemiparesis.
II. Correlation between angiographical occlusion and perfusion CT and MR imaging findings
The ischemic regions assessed on the MTT, CBF, and CBV maps and MR images are shown in Table  3A . The coincidence was evaluated by kappa coefficient and the results are described in Table 3B . In all areas except for perforator regions, CBF indicated the infarcted region most accurately, suggesting that CBF is the best parameter to predict the prospective infarct.
III. Calculation of the ischemic boundary
The upper and lower boundaries of ischemia were calculated based on the images of the 26 patients treated conservatively for ischemia of the carotid system. ROIs were created in the regions of delayed MTT and classified into infarcted regions (n ＝ 103) and non-infarcted regions (n ＝ 186). The rCBF and rCBV values were then compared between the two regions (Fig. 6 ). The rCBF values had a normal distribution but not a lognormal distribution, whereas the rCBV values had neither a normal distribution nor a lognormal distribution. The mean values were as follows: rCBF, infarcted 0.329 ± 0.207 (mean ± SD), non-infarcted 0.781 ± 0.317; rCBV, infarcted 0.772 ± 0.319, non-infarcted 1.196 ± 0.681; with significant differences for both CBF (p º 0.0001) and CBV (p º 0.0001) (Mann-Whitney test).
The ischemic borderline was calculated by evaluating the upper boundary of the infarcted region and the lower boundary of the non-infarcted region of each case (n ＝ 18 and 24) (Fig. 7) . The mean values were as follows: rCBF, upper boundary of infarcted region 0.574 ± 0.220, lower boundary of non-infarcted region 0.504 ± 0.247; rCBV, upper boundary of infarcted region 0.972 ± 0.276, lower boundary of non-infarcted region 0.815 ± 0.169; showing a statistical significance of p ＝ 0.348 for CBF and p ＝ 0.026 for CBV (unpaired t-test). Only the CBV value was significant to indicate the ischemic borderline.
Discussion
I. Early perfusion CT findings MTT was the most sensitive of the three perfusion CT parameters for the detection of ischemia.
Twenty-nine of 42 patients with acute stroke developed an area of infarct at follow-up examinations, whereas significant perfusion abnormalities were found in 27 patients. 2) According to our findings, MTT increases the diagnostic sensitivity. The diagnostic value was high for the carotid system, 5, 11, 17, 19) but the diagnostic value for the perforator regions was extremely low. Identification of ischemia may Neurol Med Chir (Tokyo) 45, July, 2005
Perfusion CT in Hyperacute Stroke be possible by creating and examining an ROI in the perforator region, 17) but ischemia is generally difficult to identify. 3, 11, 17) The diagnostic value for the vertebrobasilar system was comparatively good in the occipital lobe, but poor in the cerebellum and brain stem. The principal reason is that bolus injection of contrast medium is delayed before reaching the vertebrobasilar system, 14) and the ischemic lesion tends to be localized, compared with the carotid system. Moreover, bone artifacts tended to be present and only one CT slice was inspected for the posterior fossa, so any cerebellar infarct on the superior or inferior surface according to the arterial course could be missed on only one slice of the middle pons area. Early recanalization occurred in one of our cases before angiography or MR imaging was performed.
Perfusion CT will not always reflect the ultimate infarcted regions because of such recanalization of the occlusion, fluctuation of hemodynamics, and the effect of treatment. Perfusion CT may reflect a degree of ischemia which does not result in infarction, so complete correlation with chronic MR imaging findings is unlikely (Table 3) . Therefore, early angiography is very important. In our study, the diagnostic accuracy of perfusion CT was similar to that of angiography for the carotid system, except for a few cases of migrating emboli, so the accuracy
of diagnosis is adequate for this area (Table 2) . However, ischemia in the perforator regions and the vertebrobasilar system cannot be identified accurately even with angiography and MR imaging, so improvement in the software and hardware of perfusion CT could fill this demand.
II. Implications of perfusion CT parameters
The perfusion CT parameters rMTT, rCBF, and rCBV generally reflect the progress of ischemia. The initial decrease in cerebral perfusion pressure (CPP) is compensated with the delay of MTT whereas CBV and CBF remain normal. Further decreases in CPP result in decreasing CBF associated with further increases in the delay of MTT and increased CBV. Finally, the decrease in CPP will cause failure of the compensation mechanism, or the relationship CBV/CBF ＝ MTT 12) no longer holds, and CBV will also decrease. 15) In our study, visual evaluation of the MTT and CBF maps could detect ischemia, whereas visual evaluation of the increase and decrease of CBV was extremely difficult.
The sensitivity of CBV mapping to detect the acute stage of embolism and thrombosis is extremely low, 11, 19) because the rCBV of acute stroke is affected by the severity of decreased perfusion, the collateral circulation, and compensatory autoregulation. 4) The relative decrease rate of CBV to nearly half of normal is much less than the decrease of CBF to almost zero. 11) Our study suggests that the change in CBV is important to detect severe ischemia, but the change around the ischemic boundary cannot be assessed by only visual evaluation (Figs. 1 and 2 , Table 1 ). This limitation is important in evaluating acute ischemia with perfusion CT. Accurate diagnosis requires the creation of an ROI and calculation of the regional value.
Initial perfusion CT may correctly predict the extent of the ultimate infarct, whereas diffusion MR imaging provides an underestimate. 6, 9, 20) Initial perfusion CT lesion volumes of À100 ml are associated with poor clinical outcome. 8) Our study found that the initial perfusion CT does not always reflect the ultimate infarct if recanalization of the occlusion occurs. Nevertheless, our study found that perfusion CT gave relatively good results, as CBF gave the best prediction of the ultimate infarction, delay of MTT provided an overestimate, and CBV provided an underestimate.
III. Ischemic boundary
A previous study of rCBF and rCBV values to distinguish reversible ischemic lesion and infarction found that the ischemic boundary between infarcted and non-infarcted regions occurred at 0.48 for rCBF and 0.60 for rCBV. 6) rCBV was slightly superior to rCBF, but both parameters could distinguish the infarct and its penumbra. A value of 0.48 for rCBF provided the optimum discrimination of the infarct from the penumbra and an accuracy of 74.7% to estimate the regional outcome, and the value of 0.60 for rCBV provided an accuracy of 83.1% for the estimation of the ischemic lesion. The ischemic boundaries in successful thrombolytic cases were 0.29 for rCBF and 0.4 for rCBV. Based on a value of 55-70 ml/100 ml for rCBF in the normal gray matter obtained from positron emission tomography and xenon-enhanced CT, 7, 16) the value of 0.29 based on the absolute value of 15-20 ml/100 ml of rCBF is reasonable as the boundary of ischemia.
In contrast, our values for the ischemic boundary were 0.5 for rCBF and 0.9 for rCBV, much higher than the previous findings. Our values are not absolute data 10, 13, 21) but relative data based on the central volume principle and compared with the opposite hemisphere. All of our subjects were strictly in the hyperacute stage before presenting with early CT signs, in contrast to the previous protocol of within 6 hours. 6) Our cases showed that the ischemia outcome changes greatly within a range of CBV values which cannot be recognized by visual evaluation. Up to now, the value of the CBV map has been thought to be extremely low. 11, 19) We consider that our values are accurate and suggest that CBV can contribute to the detection of ischemia in the acute stage, so more data should be collected.
IV. Conclusion
Perfusion CT was performed in patients with stroke in the hyperacute stage, and the validity of the diagnosis was evaluated compared with immediate angiography and MR imaging in the chronic stage. The MTT images closely correlated to the angiographical findings and MR imaging for the carotid system. However, the diagnostic value was low for the vertebrobasilar system, and unreliable for the perforator regions. The MTT parameter is sensitive to ischemia and useful for confirming the diagnosis of ischemia due to main artery occlusion. The CBF parameter accurately reflected the ultimate infarct. The CBV parameter is an index of severe ischemia. However, an ROI must be selected and the exact value calculated for accurate diagnosis because of the extremely low sensitivity. The standard values for the ischemic boundary are 0.5 for rCBF and 0.9 for rCBV in the hyperacute stage.
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Studies such as this will help define the specific role of perfusion CT in the management of patients with acute ischemia, and further experience and improvements in technology will likely make this an increasingly valuable tool in the acute management of patients with ischemic stroke. Daniel L. BARROW, M.D.
Department of Neurosurgery
The Emory Clinic Atlanta, Georgia, U.S.A.
I appreciate the authors' efforts to correlate the findings of perfusion CT and those of angiography and subsequent MRI. Many studies have tried to elucidate the utility of perfusion CT in the acute stage of cerebral infarction. I think, however, the originality is emphasized by the idea to extend the range of concern to perforator and vertebrobasilar system infarction. As mentioned in the article, perfusion CT has limitations to reveal the vertebrobasilar system infarction except in the occipital lobe because of delay in contrast medium reaching the vertebrobasilar system and bony artifacts. I also agree with the opinion that identification of ischemia in the perforator region is generally difficult to identify because small and subtle changes prevent identification. I wonder if there is a special reason why the time limit of acute infarction in the study is less than 10 hours. Most studies recommend the time limitation for intraarterial thrombolysis of less than 6 hours because of the risk of reperfusion injury. There is little explanation in this study why the inclusion criteria for the time limitation is less than 10 hours rather than 6 hours.
Patient selection for intravenous or intra-arterial thrombolytic therapy involves weighing the risk of intracranial hemorrhage against the potential benefits of treatment. Decisions on acute stroke treatment could be facilitated by the use of imaging techniques that better predict clinical outcome and final infarct volume in response to successful revascularization. As the conclusion says, CBF parameter accurately reflected the ultimate infarct size and MTT parameter is sensitive to ischemia. I think, however, saying that CBV parameter is an index of severe ischemia will evoke some controversy. CBV will change as the ischemia proceeds and varies from person to person. Many articles are telling us that CBV parameter could be a good prognostic factor in predicting the final infarct volume.
Finally, I highly appreciate the originality and efforts to correlate the perfusion CT parameters and angiographic and subsequent MRI findings. I hope this study will be extended to find parameters to identify which patients would benefit from recanalization procedures during the acute stage of ischemia.
The measurements of early cerebral hemodynamic changes after the occlusion of an intracranial vessel may provide useful information for prediction of the extension and severity of subsequent cerebral ischemia and infarction. Recent development of the technology in perfusion computed tomography enables an easy and reliable measurement of cerebral hemodynamic parameters such as regional mean transit time, regional cerebral blood flow, and regional cerebral blood volume in the acute stage of stroke.
In the present article, the authors applied this technique to measure these hemodynamic parameters in patients in the early stage after the onset of ischemia. The results were correlated with the occlusion site of the artery on conventional cerebral angiography in the acute stage and the extension of infarction on magnetic resonance imaging in the later stage of stroke. Their results indicate that for the detection of the occlusion of a supratentorial large artery and its subsequent ischemia in the acute stage of stroke, mean transit time is the most sensitive parameter. However, this parameter is less useful for the prediction of infarction caused by the occlusion of infratentorial arteries and small perforates at the supratentorial region. For the delineation of the ischemic zone, regional cerebral blood flow is a more accurate parameter than regional cerebral blood volume. From the data of the present study, the authors also concluded that as compared with its corresponding area on the opposite hemisphere, an area with a decrease of more than 50% of regional cerebral blood flow (ratio 0.5) or a decrease of more than 10% regional cerebral blood volume (ratio 0.9) can be defined as the ischemic zone which may further develop into infarction.
Perfusion computed tomography is a non-invasive, easy-accessible, and inexpensive diagnostic modality that could be used routinely in patients with early ischemic symptoms for the prediction of their clinical prognosis.
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